Abstract: Epicardial formation involves the attachment of proepicardial (PE) cells to the heart and the superficial migration of mesothelial cells over the surface of the heart. Superficial migration has long been known to involve the interaction of integrins expressed by the epicardium and their ligands expressed by the myocardium; however, little is understood about signals that maintain the mesothelium as it migrates. One signaling pathway known to regulate junctional contacts in epithelia is the PI3K/Akt signaling pathway and this pathway can be modified by integrins. Here, we tested the hypothesis that the myocardially expressed, integrin ligand VCAM-1 modulates the activity of the PI3K/Akt signaling pathway by activating the lipid phosphatase activity of PTEN. We found that epicardial cells stimulated with a soluble form of VCAM-1 (sVCAM-1) lipid phosphatase activity. Chick embryonic epicardial mesothelial cells (EMCs) expressing a shRNA to PTEN increased invasion in collagen gels, but only after stimulation
Introduction
Heart development involves the joining of various mesodermal and ectodermal cells to the mature organ. The outermost mesothelial layer of the heart, the epicardium, is derived from elements of the splanchnic mesoderm, which first forms a villous structure protruding from the primitive liver called the proepicardium (PE) [1, 2] . The PE attaches to the inner curvature of the looped myocardium and cells begin to superficially migrate over its surface to create a mesothelium called epicardium [1 3] . Concurrent with migration, and for some time after, epicardial mesothelial cells (EMCs) begin to delaminate and invade deeper aspects of the myocardium where they ultimately contribute to the coronary vessels, cardiac fibroblasts and AV valves [4 7] . However, early sites of epicardial to mesenchymal transformation (EMT) are regionalized and most migrating mesothelial cells remain superficial until later. Thus, it is likely that the timing of epicardial invasion is regulated. A simplistic model would be that while undergoing directional migration, EMCs are largely inhibited from undergoing EMT, then once the mesothelium is established, other pathways stimulating EMC invasion become dominant.
We previously reported a pathway that maintains the mesothelial state of the epicardium in the presence of EMT stimulators. This mecha 4 1 4 1 is known to be important for superficial migration of PE cyst cells during mouse epicardial development [8, 9] and is expressed exclusively in the PE and epicardial mesothelium [10] 4 1 in chick embryonic EMCs is sufficient to stimulate their invasion and alters their ability to differentiate into vascular smooth muscle cells [11] . Treatm 4 1, soluble VCAM-1 (sVCAM-1) reduces sVCAM-1 treatment of EMCs was an increase in the amount of active p190RhoGAP and a decrease in the amount of active RhoA [12] . These findings support a model in which 4 1 activates p190RhoGAP to antagonize RhoA and restrict the Rho/ROCK pathway. This limits the ability of EMCs to generate actin stress fibers and mediate actinomyosin-based motility via Rho/ROCK.
EMT involves the degradation of intercellular adhesion and cytoskeletal rearrangements that promote cellular invasion. Interestingly, we observed that sVCAM-1 increased the strength of epicardial cell-cell adhesion, robustly stimulated accumulation of junctional proteins within junctional complexes and promoted circumferential actin belts that stabilize intercellular junctions [12] . Since Rho/ROCK signaling is not thought to play a direct role in establishing intercellular junctional complexes, these observations suggested another role for sVCAM- 4 1 signaling in maintaining or promoting junctional complexes between mesothelial cells. VCAM-1 is a cytokine inducible cell surface protein that mediates the adhesion of a number of leukocytes to activated endothelium [13] . It is a member of the immunoglobulin (Ig) super family of cell surface proteins [14] and in defined isoforms contains seven or more extracellular Ig-like domains at the amino-terminal portion of the molecule. VCAM-1 is expressed in cells of the primary myocardium, just below the epicardium, in embryonic mice [8, 15, 16] . Deletion of the gene encoding VCAM-1 in mice caused cardiac defects consistent with an interactive role in mediating superficial migration of EMCs on the myocardium [16, 17] . Thus, the interaction between VCAM- 4 1 in the developing heart may serve as an evolutionarily conserved signaling pathway important for mesothelial formation or maintenance.
Various pathways are implicated in the establishment and maintenance of epithelial cohesion. One of these is the phosphatidylinositol 3-can promote loss of epithelial characteristics [18 21] . Factors known to stimulate epicardial EMT also have been shown to activate PI3K/Akt signaling [22 24 ]. Other studies have implicated integrin signaling in modifying PI3K/Akt signaling, particularly in focal adhesions [20, 25, 26] . Since sVCAM-1 robustly antagonizes epicardial EMT, we hypothesized that sVCAM-4 1 signaling could modify PI3K/Akt signaling. This hypothesis was supported by the finding of White et al. (2003) [27] 4 1 ligation activates a cellular inhibitor of PI3K, phosphatase and tensin homolog on chromosome 10 (PTEN), in human lung fibroblasts. PTEN is a dual specificity phosphatase that, as a lipid phosphatase, dephosphorylates phosphatidylinositol (3,4,5) phosphate (PIP 3 ) to phosphatidylinositol (4,5) phosphate (PIP 2 ) (reviewed in [28] ). Loss of PTEN has also been shown to increase EMT in cancer [29, 30] .
Here we report that sVCAM-1 can increase the activity PTEN in epicardial mesothelial cells and stimulate its localization to membranes. Additionally, we found that altering PTEN function, either by expression of a constitutively active human isoform or by expression of a shRNA targeting PTEN, modified epicardial invasion into collagen gels, epicardial junctional complexes and affected coronary vascular development in chick embryos. Thus, we believe that sVCAM- 4 1 integrin, in addition to promoting superficial migration, can activate signals that antagonize EMT by promoting intercellular adhesion.
Experimental Methods

Chicken Eggs
Fertile White Leghorn chicken (Gallus gallus) eggs were obtained from Phil's Fresh Eggs (Forreston, IL) and were incubated in a humidified bird hatching incubator at 39 °C. Embryos were staged using the system of Hamburger and Hamilton (1951) [31] .
Antibodies and Reagents
Polyclonal antibodies to mouse Akt (#9272), mouse phospho-Akt (Ser 473) (#9271), human PTEN (#9559 and #9552) were from Cell Signaling Technology. All were used at 1:1000. Rabbit anti-human ZO1 was from Invitrogen (Zymed) and used at 1:500. Texas-red X phalloidin and DAPI were from Invitrogen Molecular Probes. The monoclonal antibody to avian myoblastosis virus GAG protein (mAb 3C2) was obtained from the Developmental Studies Hybridoma Bank and used at 1:100. Rabbit anti-E-cadherin was from Lifespan Biosciences (#C33410) and used at 1:200 (this antibody is no longer available). Monoclonal ant -actin (clone AC-74, used at 1:10,000) and smooth -actin (clone 1A4, used at 1:500) were from Sigma. LY294002 was obtained from EMD -1 were obtained from Peprotech and used at and 100 ng/mL (sVCAM-1). Protease (#P8340) and phosphatase (#P0044) inhibitor cocktails were from Sigma.
Cell Culture
All cells were grown in tissue culture incubators in 5% CO 2 . Rat epicardial cells were originally derived from adult rat hearts [12,32 35] and cultured in DMEM medium (Hyclone) containing fetal bovine serum (10% v/v) and penicillin, streptomycin and fungizone (diluted to 1× from a 100× stock). When cells were serum starved they were washed twice with DMEM medium with penicillin, streptomycin and fungizone (no fetal bovine serum) and then incubated in the same serum-free medium overnight, prior to the specified treatments. Primary cultures of chick EMCs were made by explanting HH24 hearts onto sterile glass coverslips coated with Rat tail collagen I (BD Biosciences). Coverslips were placed in 30 mm cell culture dishes (VWR) and covered with 500 600 µL serum-free M199 supplemented with penicillin, streptomycin and fungizone as above. DF-1 chick embryonic fibroblasts were obtained from ATCC (CRL-12203) and grown in DMEM medium containing fetal bovine serum (10% v/v) and penicillin, streptomycin and fungizone as above.
Lipid Phosphatase Assay
Confluent, rat EMCs were serum starved and stimulated with VCAM-1 (1 nmol/L) various times for up to 1 h. Phospholipid vesicles were generated by vortexing D-myophosphatidylinositol 3,4,5-triphosphate phospholipids (Echelon Biosciences) in 10 mmol/L HEPES, pH 7.4, 1 mmol/L EGTA, and 1 mg/mL BSA. PTEN was immunoprecipitated from RIPA-solubilized cell lysates (see section 2.7) and combined with phospholipid vesicles (10 µL) in a final volume of 50 µL of enzyme assay reaction buffer (500 mmol/L Tris, pH 8, 10 mM dithiothreitol) in tubes for 40 min. Beads were removed by centrifugation and supernatants were added to BIOMOL green reagent (100 µL) for 30 min at ambient temperature. Phosphate release was determined by absorbance at 650 nm. Activity was determined by comparing the optical densities to those obtained from a phosphate standard curve in the same assay.
Immunostaining
Rat or primary chicken embryonic epicardial cells were cultured on glass coverslips (as above) and serum starved for 12 h. Cell were treated with soluble factors for various times: typically 0, 30 and 60 min. Cells were fixed for 10 min in fresh paraformaldehyde (4% v/v), washed in PBS and then in PBT (PBS with 0.1% v/v Tween-20 and 0.1% bovine serum albumin, w/v). Coverslips were incubated with primary antibodies (diluted in PBT) overnight, washed in PBS for 30 seconds and incubated for 2 4 h in secondary antibodies. After washing for 30 seconds in PBS, coverslips were mounted on glass slides in gel polymount (Fisher). Staining was imaged on a Zeiss LSM510 UV Confocal microscope.
Cell Fractionation
Confluent, rat EMCs were cultured on 10 cm dishes and then serum starved overnight. Cells were -1 (100 ng/mL) or a combination of the two as above for 30 min or 2 h and then rinsed in PBS and removed from plates by scraping in lysis buffer: Tris, pH7.5 (20 mmol/L), EDTA (0.5 mmol/L), EGTA (0.5 mmol/L), 2-mercaptoethanol (10 mmol/L), aprotinin (25 mg/mL) and leupeptin (25 mg/mL). Cells were disrupted in a Dounce homogenizer using 15 strokes and then left on ice for 20 min. Low speed centrifugation (5,000 g) was performed to remove nuclei. The nuclear pellet was dissolved in Triton solubilization buffer: Tris, pH7.5 (20 mmol/L), Triton X-100 (0.25% v/v) EDTA (0.5 mmol/L), EGTA (0.5 mmol/L), 2-mercaptoethanol (10 mmol/L), aprotinin (25 mg/mL) and leupeptin (25 mg/mL). The cell supernatant, containing both membrane and cytosolic fractions, was centrifuged at 100,000 g for 45 min at 4 °C. Supernatant was removed as the cytosolic fraction. The pellet was dissolved in Triton solubilization buffer and then centrifuged at 16,000 g in a microcentrifuge at 4 °C. The supernatant was removed as the Triton soluble membrane fraction. Proteins were quantified using a Bradford assay (Pierce) and equal amounts electrophoresed in 4 20% SDS PAGE gels (BioRad). Proteins were transferred to nitrocellulose and probed as above.
Immunoprecipitation
Rat EMCs were serum starved overnight, treated as above and washed with PBS twice. Cells were solubilized in ice cold RIPA buffer (50 mmol/L Tris-HCl pH 8.0, 350 mmol/L NaCl, 1% w/v NP-40, 0.5% w/v deoxycholate, 0.1% w/v sodium dodecyl chloride) for 5 min, scraped and spun at 4 °C at 10,000 rpm for 10 min. Protein in cleared supernatants was quantified using the Bradford method and 4 µg of primary antibody was added to 300 900 µg of total cellular protein. Tubes were rocked overnight at 4 °C. 20 µL of Protein A/G PLUS agarose (Santa Cruz Biotechnology) was added to each sample and tubes rocked at 4 °C for 1 h. Agarose beads were washed, boiled in sample buffer and proteins loaded onto 7.5% SDS PAGE gels (Biorad). Each experiment was performed in triplicate.
Viruses
AdnlacZ was constructed as described in Dettman et al., (1998) [6] and produced and concentrated using a Fast Trap Adenovirus Purification and Concentration Kit (Millipore) according to the the NHGRI. Oligonucleotides encoding shRNAs to chicken PTEN were designed using the BLOCKealed and ligated to pENTR/U6 using T4 DNA ligase. Inserts were sequenced and successful clones were recombined with RCASYDV using LR clonase (Invitrogen). Individual RCAS recombinants were screened by digestion with EcoRV (Promega) and inserts were again sequenced. Plasmids containing PTEN-GFP and PTEN A4-GFP were obtained from Dr. William Sellers (Harvard University) through Addgene. cDNAs were amplified using Pfx Ultra Taq polymerase (Stratagene) and then incubated with pENTR/D/Topo (Invitrogen). Inserts were sequenced and pENTR/D/Topo clones were recombined with RCASYDV. Viruses were produced in DF-1 chick embryonic fibroblasts concentrated by ultracentrifugation at 22,000 RPM for 2 h in a SW-28 (Beckman) rotor and frozen in liquid nitrogen.
RCAS Transduction
Chick embryos were incubated at 39 °C in a humidified hatching incubator for 60 h. Eggs were windowed and India ink was injected underneath the yolk sac to visualize the embryo. HH17 or HH18 were used in this experiment. Small holes were opened in the yolk sac and vitelline membranes over the pericardium. Approximately 10 6 viral particles in 1 2 µL were injected into the pericardial space using a Finnpipette Labsystems pipettor. Windows were sealed with Parafilm (Pechiney Plastic Packaging) and eggs placed back in the incubator for either 2 or 10 days.
Invasion Assays
Collagen gel assays were performed as in Dokic and Dettman (2006) [17] except that we used PureCol rat tail collagen I from Inamed (Fremont, CA). To quantify invasion, we counted propidium iodide (Sigma) stained cells in three 20x fields from each gel. An in-depth description of the organ culture assay to quantify EMT in embryonic chick hearts is described in Dokic and Dettman (2006) [17] . In this experiment, HH27 hearts were excised in sterile PBS, infected for 4 h in serum free were added to serum free medium and hearts incubated an additional 48 h. Hearts were stained, fixed and sectioned as in Dokic and Dettman (2006) [17] . Cells with lacZ+ nuclei were counted in a minimum of six sections and averaged per sample. Cells in the epicardium were scored as non-invasive. Cells underneath were defined as invasive and the percent invasive cells calculated as the number of invasive cells divided by the total.
Dispase II Assay
Rat epicardial monolayers were left untr lifted using dispase II (Roche), agitated in the dish on an orbital shaker and the number of fragments produced were counted in each dish.
India Ink Labeling of Coronary Vessels
Embryos were removed from eggs and placed on absorbent paper. The thoracic cavity was opened to expose the beating heart. A small cut was made in the wall of the right ventricle. Undiluted India ink (Speedball, Super Black) was injected into the lumen of the left ventricle using a tuberculin syringe and a 30-gauge needle. Gentle pressure was applied to the plunger until ink could be seen in the left and right atria and outflow vessels.
Quantification of Junctional Actin Filaments by Confocal Microscopy
Images were obtained by confocal imaging in Zeiss LSM 510 software and opened in Image J 1.44 using the LSM reader plugin. Data for pixels was obtained by drawing lines, usually between 40 µm and 100µm in length and crossing three junctions either defined by E-cadherin or ZO1 staining. Lines were analyzed using the Analyze>Plot Profile command for both the green and red channels. Data from graphs was exported to Microsoft Excel us the fluorescent pixels in grayscale units from 0 255 in 8-bit images. Junctions were defined by manually inspecting the peaks of the green image and determining the positions along each line defined by these peaks. Then, gray values at those positions were determined in the data from the red (actin) channel. Here, the values were averaged if they were (1) at the junction and (2) defined the peak gray value at the junction and (3) were within 20% of the peak value. Mean pixel intensity for actin was determined for three junctions in each line. The remaining gray values from the red channel were averaged to determine the actin arrays in-between junctions. The ratio of the two values was calculated to deter
Representative data is shown in Figure S1 .
Quantification of Coronary Vessel Density in Hearts
To quantify coronary vessel density we used a modified method from Huang et al., 2004 [36] . Embryos were dissected to expose the heart and a small cut was made in the right atrium. The left ventricle then injected with a solution of isolectin GS-IB 4 (1:1,000) and saline (1 mL). After 10 min, hearts were removed and fixed in 4% (v/v) formaldehyde from paraformaldehyde. After overnight fixation, hearts were rinsed in PBS several times and equilibrated in sucrose (20% w/v in PBS) and again in sucrose (30% w/v in PBS). Hearts were frozen in OCT and transverse cryosections (10 µm) were placed on positively charged glass slides (VWR). Transverse sections of the superior aspect of the ventricles were stained with antibodies Caldesmon (CALD-5) in order to identify vascular smooth muscle cells. Digital images were from five separate 40x fields per section and vessel counts were made in blinded fashion. Ten non-consecutive sections were analyzed and data averaged for each sample.
Statistical Analysis
All data was compiled in Microsoft Excel and exported to InStat software (GraphPad Software). Mean, standard deviation, standard error of the mean and ANOVA were all calculated using InStat.
Results and Discussion
The PI3K Inhibitor LY294002 Can Block Epicardial EMT
One pathway implicated in regulating epithelial junctional integrity is the PI3K/Akt signaling pathway [19, 20, 24] and this pathway can be modified by cell-surface integrins [19, 25, 26] . It is also known that inhibition of PI3K/Akt signaling represses epicardial EMT in mice [22] . We therefore tested if the PI3K inhibitor LY294002 can modulate junctional complexes and actin polymerization in EMCs similar to what we have observed with sVCAM-1. HH24 Chick embryonic EMCs were -LY294002. Cells were fixed and stained for the tight junction protein zona occludins-1 (ZO1), the adherens junction protein E-Cadherin or f-actin with Texas-Red-X phalloidin ( Figure 1 ). Here, we -Cadherin localization in intercellular junctions ( Figure 1F ) and caused cytoskeletal changes in these cells ( Figure 1J ). sVCAM-1 limited these changes during an identical treatment period ( Figure 1C , G) and increased circumferential actin belts at the expense of stress fibers ( Figure 1K ). LY294002 effectively inhibited changes to junctional complexes ( Figure 1D , H) and increased circumferential actin belts but stress fibers were still present ( Figure 1L ).
To quantify changes to f-actin we measured pixel intensity using ImageJ (see methods). Lines of pixels spanning three junctions were sampled for pixel intensity. The mean ratio of the pixel intensity for phalloidin staining was determined at junctions and in-between junctions. The ratio of junctional to cytosolic pixel intensity was calculated and is shown in Figure 1M (see Methods and Figure S1 ). We observed that the mean junctional actin ratio in untreated EMCs was 2.53, reflecting a combination of stress fibers and circumferential actin belts in these cells junctional actin ratio was 1.98, reflecting an increase in stress fibers and a decrease in circumferential -1 cultures, the mean junctional actin ratio was 4.36 reflecting a decrease in stress fibers and an increase in circumferential actin belts. This observation supported the -1 alters pathways that affect both stress fibers and nctional actin ratio was 2.46, LY294002 alters pathways that primarily affect circumferential actin belts. Since LY29002 appeared to protect junctional complexes in cultured chick EMCs treated with embryonic hearts (HH27) were excised, infected with an adenovirus, which expresses a gene encoding nuclear targe -galactosidase. When hearts are infected in this manner, epicardium is infected but LY294002 (or a combination) were added to the culture medium and hearts were cultured for 48 h. In these embryonic hearts, LY294002 significantly attenuated EMT, as detected by a decrease in -induced cellular invasion into the myocardium (Figure 2A ). LY294002 also significantly decreased baseline invasion by about 1.7-fold. Together, these observations indicate that PI3K/Akt signaling plays an important role in facilitating epicardial EMT. To measure the strength of intercellular junctions we carried out dispase II assays [37] on rat epicardial mesothelial cell rEMCs) [12, 32 spase II) without altering intercellular adhesion. Then, monolayers are agitated by shaking. If junctional contacts are weak, the monolayers fall apart and if they are strong, monolayers stay intact. Here, we lular junctions and this was almost completely inhibited by simultaneous treatment with LY294002 ( Figure 2B ). In a previous study, we made an -1 [12] . 
sVCAM-1 Modifies PTEN Phosphatase Localization and Activity
Since sVCAM-1 and LY294002 protected circumferential actin belts and inhibited epicardial EMT -1 may activate pathways in EMCs that counteract PI3K/Akt. One pathway that does this involves the dual specificity (lipid and protein) phosphatase PTEN. We therefore tested if PTEN could be altered by sVCAM-1 in rEMCs. PTEN is sequestered in the cytoplasm in a stable but catalytically inactive form [38, 39] . When activated, it moves to the membrane and nucleus where its substrates exist. We therefore investigated if sVCAM-1 treatment of serum-starved rEMCs could alter the sub-cellular localization of PTEN using cell-fractionation. Here, we observed that PTEN could be detected in the membrane fraction of rEMCs 15 min after treatment with sVCAM-1. This accumulation was transient. After peaking at 30 min, PTEN was less abundant in the membrane band at 60 min ( Figure 3A) . In an independent experiment, we treated serum-starved rEMCs with sVCAM-1 and analyzed the cytosolic fractions for PTEN ( Figure 3A, lower two blots) . Here, we observed that PTEN protein was successively reduced in the cytosolic fraction after 1 h. Together these experiments suggest that sVCAM-1 activates signaling pathways that alter the sub-cellular localization of PTEN consistent with its activation. To further test this, we treated serum-starved rEMCs with sVCAM-1 for various times and fixed and stained them for PTEN ( Figure 3B-E) . Here, we observed general cytoplasmic staining in untreated cells ( Figure 3B ). After 15 min, staining was discernible in intercellular junctions and in nuclei ( Figure 3C ). The intensity of this localization was greatest at 30 min and then was reduced after 60 min correlating well with our cell fractionation studies. Thus, we conclude that in rEMCs, sVCAM-1 stimulation is sufficient to alter PTEN localization consistent with its activation. To confirm that the activity of PTEN could be altered by sVCAM-1 in rEMCs, we performed lipid phosphatase assays. Cells were serum starved and treated with sVCAM-1 at 15 min intervals up to 1 h. PTEN was immunoprecipitated from total protein and incubated with phospholipid vesicles for various times. Phosphate released from the phospholipid vesicles was measured using the BioMol green reagent and absorbance determined at 650 nm. Here, we found that phospholipids were dephosphorylated in increasing amounts up to 30 min, with a statistically significant value at 30 min ( Figure 3F ). The timing of peak lipid phosphatase activity corresponded well with the timing of changes to the subcellular localization of PTEN that we observed. These findings supported our hypothesis that sVCAM-1 can alter PTEN localization and activity in epicardium, and suggested that PTEN plays an important role in epicardial cells.
Altering PTEN Function Can Change Epicardial EMT in Vitro
Our observations in rEMCs supported a model in which sVCAM-1 regulation of PTEN plays an important role in regulating epicardial EMT. Consistent with this model, activating PTEN should reduce epicardial EMT and loss of PTEN should promote EMT. To test this hypothesis, we created avian RCAS retroviruses that express either an active variant of human PTEN fused to GFP (called A4) [45] (RCAS PTENA4-GFP ) or express a short hairpin RNA to chick PTEN (RCAS shPTEN )
( Figure 4A ,B). We also generated control viruses that express EGFP (RCAS EGFP ), and that express a -galactosidase (RCAS shlacZ ). Viruses were tested for their ability to knock down chick PTEN ( Figure 4B ) or express PTEN variants ( Figure 4C ).
We tested if infection by these viruses altered intercellular junctions either in untreated cells or in EMCs treated wi (1 ng/mL) and cells were incubated for an additional 24 h. Cells were fixed and stained with anti-ZO1 to label tight junctions and mAb 3C2 (which binds to viral GAG protein) to label RCAS infected cells. Cells were analyzed using confocal microscopy ( Figure 4D-M To further investigate if PTEN knockdown was sufficient to induce EMT we performed collagen gel assays. Hearts were infected with RCAS viruses at HH17 (E2.5) in ovo and embryos allowed to develop until HH24 (E4.5). Hearts were removed, explanted to the surface of drained collagen gels and epicardial cells were allowed to migrate to the surface. 
Altering PTEN Function Changes Coronary Blood Vessel Development
Pro-invasive factors may not be present at physiologic levels in collagen gel assays, but are likely to be present in the developing heart. We therefore tested if infection with our RCAS viruses could alter coronary vascular development in chick embryos. Since RCAS viruses are replication competent, they spread throughout the infected embryo. So, infection of the heart is likely to be significant during the course of our experiment. This is what we observed in HH38 hearts using the mAb 3C2 ( Figure S2 ). We injected virus into the pericardial space of HH17 embryos and allowed embryos to develop to HH38. Embryos were removed from eggs and a mixture of dilute India ink and saline was injected into the left ventricle to label coronary vessels. Hearts were sectioned and stained with anti-smooth muscle -actin. Vessels were quantified in sections (see methods). We initially observed that infection with RCAS viruses had varying effects on coronary vessel development. Although the differences between control RCAS viruses (RCAS GFP and RCAS shlacZ ) were not statistically significant, the trend was either to increase muscularized vessels (RCAS GFP ) or decrease vessels (RCAS shlacZ ). Here, RCAS GFP and RCAS PTENA4-GFP expressed recombinant proteins and RCAS shlacZ and RCAS shPTEN expressed short hairpin RNAs, so the responses we observed might be due to the expression of gene products from each virus. Thus, the use of uninfected hearts as a control may not accurately reflect the effects of the experimental virus. By comparing infection of RCAS GFP to RCAS PTENA4-GFP , the effect of expression of PTENA4-GFP was to reduce the total number of muscularized coronary arteries by almost two-fold (from 47.4 per section to 24.6 per section) ( Figure 6A,C,D) . We wondered if there was a difference in the proportion of vessels in the subepicardial region of the lateral ventricles versus the interventricular septal region when comparing hearts infected with RCAS GFP and RCAS . Here, we observed that the mean number of vessels in the subepicardium was less in RCAS PTENA4-GFP infected hearts than in RCAS GFP controls (from 27.1 to 17) ( Figure 6A) . Similarly, the number of interventricular septum (IVS) vessels was reduced from 20.2 per section to 7.6 per section. However, the proportion of vessels increased in the lateral ventricles in RCAS PTENA4-GFP infected hearts by approximately 1.7 times. In other words, the vessels that formed in these hearts were about twice as likely to be in the lateral ventricles as in the IVS septum. This observation may reflect a requirement for regulation of PTEN activity during invasive migration such that cells expressing PTENA4-GFP do not migrate as far as they should into the myocardium. PTEN knockdown by RCAS shPTEN infection increased the total number of muscularized vessels, as well as subepicardial and IVS vessels ( Figure 6A ,E,F). However, this increase was not statistically significant. The ratio of vessels in the lateral ventricles to the IVS remained relatively constant with a ratio of 1.6 in RCAS shacZ infected hearts and 1.5 in RCAS shPTEN hearts. Thus, loss of PTEN may increase coronary artery development but does not seem to affect the sites of formation of these vessels.
What is the Significance of Activated PTEN in Epicardial Cells?
Our data support a role for a VCAM-4 1 /PTEN pathway in epicardial cells. What is the significance of activated PTEN in PE attachment, directional migration and EMT? Since PTEN catalyzes the dephosphorylation of PIP 3 to PIP 2 , it increases the membrane concentration of PIP 2 in the plasma membrane. It should be noted here that dephosphorylation of PIP 3 specifically creates the phosphoinositol (4,5) bisphosphate second messenger, a lipid second messenger that differs from phosphoinositol (3,4) bisphosphate and phosphoinositol (3, 5) bisphosphate in its ability to modulate critical events in the cell membrane. One example is that increased PIP 2 promotes localized actin polymerization. PIP 2 is thought to regulate actin polymerization at many levels, including by binding proteins that sever f-actin and proteins that promote actin polymerization, branching and bundling [40, 41] . Thus, treatment of serum starved EMCs with sVCAM-1 promotes increased circumferential actin belts as we have observed, likely due to increased interaction of PIP 2 with proteins that promote junctional actin polymerization.
A second effect of activated PTEN is the inhibition of the PI3K/AKT signaling pathway. This would have different effects than increasing membrane PIP 2 as the PI3K/AKT pathway alters many downstream events such as cell proliferation, migration and differentiation. Activation of Akt is postulated to impact other pathways already implicated in epicardial development [24, 42] . For example, Akt is an inhibitor of the Ser/Thr kinas -catenin destruction complex, which also includes the tumor suppressors Axin and adenomatous polyposis coli (APC), as well as CK1, protein phosphatase 2A (PP2A), and the E3--TrCP. In canonical Wnt signali -catenin destruction complex actively traffics cytoplasmic -catenin to the proteasome, unless it is inhibited via another pathway (reviewed in [43] ). Activated -9, and similarly, targets it to the proteasome, and in this way amplifies the signal produced by Wnt ligands [44 46] . Wnt signaling has been implicated in epicardial development in a pathway involving WT1, retinoic acid (RA), fibroblast growth factor and Wnts [47, 48] . WT1 is expressed in the PE and migrating mesothelium and it participates in the transcriptional activation of the gene encoding retinaldehyde dehydrogenase-2 (RALDH2). RALDH2 catalyzes the conversion of retinaldehyde to RA. RA, through one of its receptors -catenin, and Wnt9b [48] expression of Wnt2a, Wnt8a, and Wnt8b were not affected [48] -catenin in due to increased instability of the protein and this effect was -catenin destruction complex and by activating Wnt9b synthesis. It is not known if Wnt9b activates PI3K, but it is known that Wnt3a can activate PI3K [49, 50] . Active PTEN in the -catenin destruction complex signaling in epicardial mesothelial cells.
A third effect of the VCAM--cadherin-based junctions in EMCs. The cornerstone of epithelial cell adhesion is Ca 2+ dependent homophilic ligation of E-cadherins [51] . Cadherins themselves are trafficked to the cell membrane and actively recycled. A critical part of this trafficking is regulated by PIP 2 (reviewed in [51] ). Movement of newly synthesized E-cadherin is mediated by targeted exocytosis and this requires the expression of PIP kinase I (PIPK ) [52] . PIPK is a type I PIP kinase that catalyzes the formation of PI(4)P to PI(4,5)P 2 and directly associates with all cadherins. Genetic ablation of the gene encoding PIPK resulted in phenotypes consistent with a role for PIPK in mediating formations of epithelial junctions, circumferential actin belts and vesicle trafficking [53] consisting of eight protein subunits that is expressed on exocytic vesicles emerging from the Trans-golgi network (reviewed in [54] ). At least two proteins of the exocyst, Exo70 and Sec3, bind to PIP 2 to mediate their interactions with the plasma membrane [43, 55] . Disruption of the ability of Exo70 to bind to PIP 2 interfered with the ability of exocytic vesicles to tether and fuse with the plasma membrane [55] . Thus, PIP 2 likely plays an important role in bringing E-cadheren to the plasma membrane to establish or maintain intercellular adhesion. The VCAMlevels of PIP 2 in EMCs to promote junctional integrity during mesothelial migration. Once intercellular junctions are established, E-cadherins maintain a dynamic interaction with other proteins inside cells to maintain their adhesion to other cells. This process is intimately involved with actin polymerization near the apical junctional complex as we have discussed above (reviewed in [56] ). One way this is known to occur is that PIP 2 inhibits the actin severing protein gelsolin, so as to promote longer filaments with cortical actin belts at the basolateral membrane [57] . PIP 2 also plays an important role in the rapid recycling of E-cadherins [51] . If the rate of endocytosis of E-cadherins is increased, for example by pathways that stimulate EMT, junctional complexes are weakened and E-cadherin is predominantly targeted to the proteasome. However, in the absence of these signals, cells can rapidly recycle E-cadherin to the basolateral membrane via the exocyst complex, so increased PIP 2 could mediate an increased recycling of E-cadherin, thus strengthening junctional complexes.
A fourth, but untested, outcome of modification of PTEN by the VCAMmay be to alter Rho/ROCK signaling in epicardium. We observed movement of PTEN in cells from the cytoplasm to the basolateral membrane. This process has been linked to RhoA activation [58] and -arrestins [59] . In fact, RhoA can also activate PTEN lipid phosphatase activity through ROCK [58, 60] . How can this be related to our observations of epicardial cohesion in the presence of sVCAMepicardial cells [12] and others have observed that the Y27632 compound, which inhibits ROCK-kinase, inhibits PDGF-BB stimulated epicardial EMT and stress fiber formation [61] . PDGF-BB can stimulate both RhoA/ROCK and PI3K/Akt in epicardium [24, 61] , so it appears that activation of both pathways is important for EMT. Consistent with this, we have observed that sVCAM-1 strongly inhibits epicardial EMT [12] , modulates RhoA through p190RhoGAP and relocalizes and activates PTEN. Critical to this discussion then are two completely unresolved issues:
first, can PDGFpathways limited to critical subcellular areas? This will be a fruitful area for future studies.
A Model for the Role of Lipid Signaling in Epicardial Mesothelial Cells
A hypothetical model demonstrating how the VCAMformation is shown in Figure 7 . Our findings linking sVCAM-1 to PTEN activity support a role for myocardial ligands such as VCAM-1 to influence lipid signaling in epicardial mesothelium. The epicardial mesothelium is initially formed on the primary myocardium, which is expressing VCAM-1 [8, 9, 16] . Three types of interactions between receptors and ligands have now been identified during this initial physical contact: myocardial BMP with epicardial BMPR [62] ; myocardial Eph receptor with epicardial ephrin [63] ; and myocardial VCAM- 4 1 integrin. The 4 1 integrin and VCAM-1 facilitates the migration of EMCs and, we would argue, maintains them in their mesothelial state during this initial migration. At a later time, inductive facto -BB are presented to EMCs and this activates intracellular -catenin to stimulate loss of cell adhesion, EMT and invasion. Other pathways like Rho/ROCK and p38MAP kinase are other intracellular signaling pathways likely involved but not included in our model [12,61,64 66] . Counteracting these inductive 4 1 integrin bound to its ligands VCAM-1 (or later fibronectin). These ligands activate PTEN and localize it to the basolateral membrane to limit the accumulation of PIP 3 within the inner leaflet. Thus, a balance is created, where two opposing pathways maintain the equilibrium between the migrating mesothelium and its mesenchymal derivatives. In situations where inductive signals are stronger, PIP 3 increases, PIP 2 decreases and cells undergo EMT and invade. Alternatel 4 1 integrin signal is stronger, PTEN is activated, PIP 3 decreases, PIP 2 increases and cells remain in the mesothelium.
We do not know how VCAM-4 1 integrin alters PTEN activity nor do we understand how it can modify its intracellular localization. PIP 2 is likely generated in localized regions of the plasma membrane by a member of the PIPK family. This PIP 2 is then converted to PIP 3 by PI3K. This -catenin destruction complex. Other pathways are activated to weaken cell-cell junctions, as we have shown that LY294002 blocks weakening of intercellular adhesion. It is possible that the strengthening of junctional complexes we have observed is accomplished simply by increasing plasma membrane PIP 2 . PIP 2 and PTEN then promote epithelial adhesion by binding to and concentrating proteins involved in actin polymerization.
Concluding Remarks
The finding that VCAMuse while it was already understood that various pathways altered epicardial behaviors, especially in EMT, it was not clear how these pathways intersected in cells. Now we have the idea that lipid signaling may play a central role in establishing early events in epicardial formation including superficial cell migration and epithelial junctional complexes. It will now be valuable to study how the inductive signals we have discovered in epicardium modify lipid signaling and how proteins that directly modify lipids, like lipid kinases, change the way these signals act to regulate epicardial development. 
